Abstract Two widely applied spectrophotometric assays based on aluminium complex formation used for determination of total flavonoid content in food or medicinal plant samples were examined for several compounds from different classes of flavonoid family. The method which involves the measurement at 410-430 nm after addition of AlCl 3 solution is selective only for flavonols and flavones luteolin. The procedure in the presence of NaNO 2 in alkaline medium seems to be specific for rutin, luteolin and catechins, but also phenolic acids exhibit considerable absorbance at 510 nm. Application of both procedures to natural samples gave different order in terms of their flavonoid content. Thus, the expression "total flavonoid" content is not adequate as the results of both methods are dependent on the structure of the individual flavonoids present.
Introduction
The spectrophotometric assay based on aluminium complex formation is one of the most commonly used procedure for the so-called total flavonoid determination, as the content of these compounds is considered as an important parameter for evaluating food or medicinal plant samples. This method, proposed initially by Christ and Müller (1960) for the analysis of herbal materials, was latter several times modified. Careful research in literature indicated variation in experimental conditions upon application of Al-flavonoid complexation reaction. Table 1 shows a short overview of literature studies employing this reaction for evaluation of "total flavonoid" content in different kinds of samples. Two widely applied procedures can be distinguished. In the first one, AlCl 3 solution in the concentration range of 2-10 % (m/v) is added to a sample and can be applied in the presence of acid or acetate solution; in some cases, only methanol or water is added. Measurements were done after 2-60 min of the addition of AlCl 3 at 404-430 nm and different flavonols (quercetin, rutin, quercetrin, galangin) as well as flavan-3-ol catechin were used as the standard compounds for the expression of results. In the second often used procedure, complexation reaction is carried out in the presence of NaNO 2 in alkaline medium, which was applied in the past for the determination of o-diphenols (Barnum 1977 ). The method is based on the nitration of any aromatic ring bearing a catechol group with its three or four positions unsubstituted or not sterically blocked. After addition of Al(III), a yellow solution of complex was formed, which then turned immediately to red after addition of NaOH, and the value of absorbance is measured at 510 nm. Catechin is preferred as a standard compound in this procedure (Table 1 ). The authors of the published papers did not explain why they chose the proper procedure for the evaluation of flavonoid content in natural samples.
In the present study, a critical examination of these two procedures was conducted with respect to reaction media as well as to the compounds from different classes of flavonoid family. The 13 flavonoids selected for this study are the most common and abundant in plants. The observation and suggestions was then tested for several commercial samples.
Materials and Methods

Chemicals and Samples
The commercial standards of phenolic compounds were purchased from Sigma-Aldrich (Steinheim, Germany). The standards were dissolved in methanol (Merck). All other common reagents were of the appropriate purity from various suppliers. Ultrapure water from Milli-Q system (Millipore, Bedford, USA) with conductivity of 18 MQ was used in all experiments.
The commercial samples were purchased from a local market. It includes the following: red wine (Cabernet Sauvignon, Chile, 2011), orange and apple juices (Tarczyn, Poland), teas Yellow Label (black tea), Delight Citrus (fruit tea) and Green Tea Indonesia (all Lipton brand) as well as herbs St. John's wort (Hypericum perforatum) and chamomile (Matricaria chamomilla L.) from Herbapol (Poland).
The tea bags (1.5-2 g) were dipped into 100 mL of freshly boiled water for 10 min to represent the typical quantity consumed by tea drinkers. After the infusion time, the bags were removed and the partially turbid solutions were filtered after cooling to room temperature. The samples were diluted with water to the concentrations appropriate for spectrophotometric measurements.
Procedures for Flavonoid Content
The flavonoid content was determined according to two mostly applied spectrophotometric methods based on the formation of aluminium-flavonoid complexes. All analyses were carried out in triplicate.
Procedure 1: An aliquant of AlCl 3 solution (0.5 mL, 2 %, w/v) was added to 1 mL of the test solution (standard or sample) and subsequently 0.5 mL of water, HCl, CH 3 COONa or CH 3 COONH 4 (each at concentration of 1 M) was added. The concentrations of standard solutions of flavonoids were 100 μM. The mixture was vigorously shaken and then after 10 min of incubation at room temperature, subjected to spectral analysis in the range of 300-600 nm. The amount of AlCl 3 solution was substituted by the same amount of water in blank. For quantitative analysis, quercetin (concentration range of 50-500 μM) was chosen as the reference compound ( Fig. 1) as it is widely found in plants and the measurements were done at 425 nm.
Procedure 2: Of the test solution (standard or sample), 1 mL was mixed with 0.3 mL of NaNO 2 (5 %, w/v) and after 5 min, 0.5 mL of AlCl 3 (2 %, w/v) was added. Flavonoid standard solutions of 100 μM were used. A sample was mixed and 6 min later was neutralized with 0.5 mL of 1 M NaOH solution. The mixture was left for 10 min at room temperature and then subjected to spectral analysis in the range of 300-600 nm against the blank, where AlCl 3 solution was substituted by water. Catechin (in the 50-500-μM concentration range) was the standard of choice for the expression of results at 510 nm.
Folin-Ciocalteu Assay
One millilitre of sample was introduced into test tubes followed by 0.1 mL of Folin-Ciocalteu's reagent and 0.9 mL of water. The tubes were allowed to stand for 5 min. At the end of this period, 1 mL of sodium carbonate (7 %, w/v) and 0.4 mL of water were added and 30 min more were allowed for stabilization of the blue colour formed. The absorbance was measured at 765 nm. The data were expressed as gallic acid equivalent. All determinations were carried out in triplicate. Results and Discussion
Model Solutions
In the literature data for determination of total flavonoid content, procedure 1 was applied in the presence of acid, acetate salts or without addition of any reagent (Table 1) . To check the effect of this reaction environment, we compare the spectra for quercetin as a model compound obtained in the presence of HCl, acetate salts (CH 3 COONa and CH 3 COONH 4 ) and without them. In each case, the same amount of additives was used. As could be seen from Fig. 2 , the spectra of Al-quercetin complex in the absence (water) and presence of both acetate salts show a strong absorption peak at 425-430 nm, which supposed to be constituted of two quercetin molecules bound to an aluminium ion (Cornard and Merlin 2002) . Denni and Mammen (2012) reported λ max for this complex at 426 nm in the presence of CH 3 COOK while without addition of acetate at 445 nm. However, Alkaempferol complex exhibited in their work similar maximum absorbance (at 424 nm) in the presence and absence of CH 3 COOK. Our studies confirmed that the addition of acetate salts (in the form of CH 3 COONa or CH3COONH 4 ) is not necessary as in the presence and absence of them similar absorbance values were recorded at the wavelength recommended for optical density measurement in procedure 1. In acidic media, the disappearance of absorbance at 369 nm from quercetin ligand was not completely and very little of quercetin-Al complex of 1:1 stoichiometry is formed (λ max 425 nm). The reaction time interval for this reaction varied in literature in the range of 2-60 min. However, our studies showed that this parameter was not so important (data not shown). Thus, for the rest of the measurements using procedure 1, absorbance was measured after 10 min of the addition of AlCl 3 without acetate salt.
The applicability of the aluminium-flavonoid complexation reaction according to procedure 1 was examined for other compounds from different classes of that family (Fig. 3) . Flavonols (quercetin, morin, kaempferol and rutin) exhibited the maximum absorbance at 415-425 nm, the wavelength range used for optical density measurements under these Fig. 1 Chemical structures of the studied flavonoids conditions, with the lowest absorbance value for kaempferol. Flavonols are formed complexes with C-3 and C-5 hydroxyl groups and additionally with the dihydroxyl groups in B ring. It was reported that any blockage of the hydroxyl group by glycosylation in C-3 position prevents chelation with Al(III) (Denni and Mammen 2012) . However, in our studies, rutin (quercetin-3-O-rutinosid) and quercetrin (quercetin-3-Orhamnoside) exhibited maximum absorbance at similar wavelength as their aglycone form. Flavone luteolin formed the complexes that showed a strong absorption at 405-420 nm, while the λ max for the complexes formed by chrysin and apigenin, which have not shown the catechol moiety in B ring, were at 377 nm. Similar results were observed earlier (Denni and Mammen 2012; Chang et al. 2002) . Flavonones (naringenin and hesperetin) and their glycosides (naringin and hesperidin) in the presence of Al(III) exhibited maximum absorbance at 375-379 nm. Although they can form complexes with C-5 hydroxyl group, the absorbance around 420 nm is too low for quantitative determination. Our results showed that the complexes formed with catechins had the maximum absorbance around 300 nm, what confirmed earlier study (Kumamoto et al. 2001 ). Thus, their high contents in tea infusions or wine samples do not participate in total absorbance measured around 400 nm. Examination of the obtained results for different flavonoids indicates that procedure 1 can be only used to determine flavonol contents and from flavone subgroup-luteolin.
Procedure 2 (in the presence of NaNO 2 ), when the absorbance is measured at 510 nm, seems to be only selective for rutin, luteolin and catechins (Fig. 3) . In the presence of 5-hydroxy-4-keto groups (rutin, luteolin), complexation via a catecholic moiety in B ring seems to be diminished under reaction conditions of this procedure as lower absorbance values were recorded. In our study, catechins exhibited maximum absorbance at 457-465 nm. Similar results were obtained for epigallocatechin-3-gallate (EGCG), the major polyphenolic constituent of green tea (data not shown). Procedure 2 is much less selective for determination of flavonoids in comparison with the procedure 1, as also non-flavonoid compounds can bear catecholic moieties. For example, chlorogenic acid, the most abundant in fruits and vegetables, exhibited considerable absorbance at 510 nm (0.240), while under procedure 1 at 435 nm the measurement was negligible (data not shown). However, the effect of the presence of other groups of phenolic compounds is not considered in the works applying this procedure (references from Table 1 ).
Natural Samples
The spectra of natural samples after addition of Al(III) are very rarely shown in the published papers regarding the use of the aluminium chloride reaction for determination of total flavonoid content. In a few works, only the spectra for some flavonoids (Matyuschenko and Stepanova 2003; Denni and Mammen 2012; Fernandes et al. 2012) or the absorbance values for standard compounds under applied experimental conditions could be found (Chang et al. 2002) . Figure 4 shows some examples of the absorption spectra of studied natural samples after reaction with AlCl 3 (without acetate salt) using different procedures. Under conditions in procedure 1, herbal tea infusion of St. John's wort exhibited the absorbance peak characteristic for flavonoids and luteolin (from flavanones family), while for green and fruit tea infusions as well as for orange juice sample, the maximum is more shifted in UV region (390-400 nm). These samples contain significant amount of flavonones (Pękal et al. 2011a; Pękal et al. 2013 ); however, their contribution in absorbance value measured above 400 nm in procedure 1 is very low. Under conditions used in procedure 2, sample of orange juice did not exhibit absorbance above 500 nm. Among other studied samples, for green tea infusion, the highest absorbance value at 510 was recorded.
The studied two procedures for total flavonoid content were applied to several natural food samples. Absorbance measurements in both procedures at 425 and 510 nm, respectively, were corrected by subtracting initial sample absorbance. The obtained results presented in Table 2 could be put in the following orders in terms of their flavonoid content:
Procedure 1: fruit tea < orange juice~apple juice < chamomile < red wine < green tea < black tea < St. John's wort.
Procedure 2: orange juice < chamomile < apple juice < fruit tea < black tea < St. John's wort < red wine < green tea.
It should be noted that the order for procedure 2 when the absorbance was recorded at 470 nm (where some flavonoid compounds exhibit also significant absorbance) is similar to that measured at 510 nm. Therefore, the positions of sample in the above rows depend on the procedure used for determination of the so-called total flavonoid content. For green tea infusion, characterized by the presence of large amounts of flavan-3-ols (Pękal et al. 2011b) , the highest results were obtained under the conditions used in procedure 2. These Fig. 2 The absorption spectra of quercetin (100 μM) in the presence of AlCl 3 (2 %, w/v) and different reaction environment compounds do not participate in total absorbance measured at 425 nm (Fig. 3) . Catechin, epicatechin, quercetin, rutin, transresveratrol, anthocyanins as well as gallic acid, caffeic acid and p-coumaric acid are the major polyphenols in red wines (Muñzoz et al. 2008; Porgali and Büyüktuncel 2012) . From the other side, fruit tea and juices contain mainly flavonones (Gattuso et al. 2007 ) and these compounds contribute in the measurements in both procedures to a small extent. The studied samples are quite different in the composition of phenolic compounds. For the examined samples, assessment of total phenolic content was also carried out using the widely accepted FolinCiocalteu (FC) method (Table 2 ). This assay is based on a non-specific phenol oxidation reaction in alkaline medium by the two strong inorganic oxidants (phosphotungstic and phosphomolibdic acids) but it gives different responses to different phenolic compounds, depending on chemical structures (Moon and Shibamoto 2009) . Moreover, the FC reagent could simultaneously oxidize several non-phenolic organic compounds as well some inorganic substances to give elevated apparent phenolic content. Thus, actually, it shows the total reducing capacity, which is often correlated with the antioxidative activities of a given sample. The highest values in FC assay were obtained for green tea, red wine and St. John's wort samples, and the lowest for chamomile aqueous extract. The correlation between the data from FC assay and procedure 1 in Al(III) complexation reaction was not significant (R 2 =0.140), while the respective correlation with procedure 2 was much higher (R 2 =0.862). Many components of the studied natural samples, such as phenolic acids, bear catecholic moieties and contribute to the total absorbance measurement either in FC method and procedure 2, but not under the conditions used in procedure 1. Procedure 1 seems to be more specific for flavonols content.
Conclusion
Spectrophotometric assay based on aluminium complex formation is one of the most commonly applied procedure for determination of total flavonoid content in food or medicinal plant samples. Two widely applied procedures (with and without NaNO 2 ) were examined for several compounds from different classes of flavonoid family and for natural samples. Both these methods did not react uniformly, which indicates that they are inadequate for evaluation of total flavonoid content in unknown samples. The procedure in the presence of NaNO 2 in alkaline medium seems to be specific for rutin, luteolin and catechins. However, also other phenolic acids 
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Absorbance nm Fig. 4 The absorption spectra of natural samples after reaction with AlCl 3 applying procedure 1 and procedure 2 exhibit considerable absorbance at 510 nm. Procedure conducted in neutral media (without NaNO 2 ) can be only used to determine the content of flavonols and luteolin (from flavones family).
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